INTRODUCTION
Mangroves function as a link between marine and terrestrial ecosystems, playing a vital role in the conservation of biological diversity in tropical and subtropical latitudes (Rog, Clarke and Cook, 2017) . They possess highly developed morphological and physiological adaptations, which allow them to exist in conditions of high salinity, extreme tides, strong winds, high temperatures, and muddy, anaerobic soils (Alongi, 2009) . Mangroves are also extremely productive ecosystems, home to a large variety of fish, crab, shrimp, and mollusk species (Manson et al. 2005) . They also contribute significant quantities of organic matter to coastal ecosystems, and are considered sites of intense biogeochemical processing, potentially impacting the global elemental cycles of carbon and nitrogen (Buillon et al., 2008; Cohen and Lara 2003) . In addition, the dense root systems of mangrove forests trap significant amounts of sediment, stabilizing coastlines and preventing erosion from waves and storms (Mazda, Volanski and Ridd, 2007) . By filtering out sediments, mangroves also protect coral reefs and seagrass beds from being smothered (Gillis et al., 2014) . Together, coral reefs, seagrass beds, and mangrove forests provide a number of ecosystem services, and are among the most valuable natural systems on the planet. The annual value of products and services provided by mangrove forests are estimated to range between $200,000 and $900,000 per km² (Wells, 2006) .
The warming of the climate system, because of human activities, is unequivocal and unprecedented (IPCC, 2013) . This warming is causing changes with widespread impacts on both human and natural systems, on all continents and across all oceans. In coastal regions, these impacts include flooding and shoreline erosion due to sea-level rise (Nicholls, 2004) , the intensification of the hydrological cycle (Huntington 2006) , and changes in the frequency and intensity of severe storm events (IPPC, 2013) .
Of all the effects of climate change, a rising sea level is considered to be the main factor of vulnerability for mangrove forests (Field, 1995) . For the present research, the concept of vulnerability adopted is that presented by IPCC (IPCC, 2013) , namely: vulnerability is the degree by which a system is likely or unable to cope with adverse effects of climate change, including climate variability and extremes.
Brazil is home to the second largest total area and the largest continuous area of mangrove forests in the world (Spalding, Kainuma and Collins 2010; Nascimento et al. 2013) . Therefore, understanding the response of Brazilian _________________Revista Brasileira de Climatologia_________________ ISSN: 2237-8642 (Eletrônica) Ano 15 -Vol. 25 -JUL/DEZ 2019 mangroves to the potential impacts of climate change is a significant challenge. It is almost impossible to gather this information using traditional field-based methods, since mangrove swamps are extremely difficult to access. Fortunately, remote sensing technology provides a promising alternative to solve this problem of accessibility (Green et al., 2000; Howard et al., 2015) . Over the last 20 years, remote sensing techniques have demonstrated a high potential to detect, identify, map, and monitor mangrove conditions and changes (see the reviews by Guo et al., 2017; Heumann 2011; Kuenzer 2011; Purnamasayangsukasih et al., 2016) . Some examples exist of remote sensing being used exclusively for mapping the extent and distribution of Brazilian mangrove forests (Lacerda, Menezes and Molisani 2007; Nascimento et al., 2013; Souza-Filho 2005; Souza-Filho, 2009 ). Nevertheless, few studies have attempted to simulate the response of these mangroves to climate change.
In 2009 was proposed a conceptual model of the response of mangrove forests to a possible increase in relative mean sea level induced by global warming (Soares, 2009) . According to this model, responses will depend on the rates of sea level rise, rates of sedimentation, the topography of the area, and the availability of suitable areas for mangrove migration landward. In 2010 was formulated a methodology to estimate the degree of combined vulnerability of mangroves and fishing populations to the impacts of climate change in the Paranaguá Estuarine Complex, in southern Brazil. In 2011, a Brazilian study proposed using mangrove reforestation as a tool for protecting the Potiguar Basin (in NE Brazil) from widespread erosion and shoreline instability resulting from climate change and human activities (Dantas, Amaro and Costa, 2011) . In 2012, other Brazilian research analyzed pollen, diatoms, and stable isotopes in a sediment core from Ilha do Cardoso mangroves (SE Brazil) and determined that mangrove development ceased after an erosive event associated to the postglacial sea-level rise (SLR) in the region (Pessenda et al., 2012) . The mangrove forests existing today in the region developed over the last 2200 years, after the return of the marine coastal line to its current position. In 2013 was discussed multiple approaches using remote sensing and modeling that could simulate mangrove responses to SLR (Bezerra, Amaral and Kampel, 2013) . Most recently in 2016, a research (França et al., 2016) combined geomorphological, sedimentological, palynological, and isotope data to analyze the dynamics of mangrove forests in Southeastern Brazil within the context of millennial and secular climatic and sea-level changes. They identified multiple cycles in which Holocene mangrove forests were replaced by tidal flats, following the decline in sea level. They also concluded that the existing mangroves developed over the last 900 years, following a relative SLR. Finally, a survey conducted in 2017 (Fontes et al., 2017) also integrated geomorphological, sedimentological, palynological, and stable isotopic data from mangrove sediment cores to evaluate the compatibility between the Holocene relative sea-level curves proposed for the Brazilian littoral and mangrove dynamics along the fluvial valley of the Jucurucu River (central eastern coast of Brazil). Their results indicate the absence of mangroves during the Holocene high sea-level stand, which occurred about 5,350 years ago.
Although some of these studies relating sea-level changes and mangrove dynamics in Brazil have used remote sensing and/or modeling tools and techniques, none have attempted to predict the impacts of the projected climate and sea-level change on these ecosystems. The objective of the present study is to simulate the response of eastern Amazonian mangroves to sea-level rise, and to produce a vulnerability assessment for this section of the Brazilian coast.
STUDY AREA
Brazil has the second largest mangrove coverage in the world (13,400 km 2 ), accounting for 8.5% of the world's total and 50% of South America's mangrove forests (Spalding, Kainuma and Collins, 2010) . The most extensive areas (about 57% of all mangroves in Brazil) are found in the northern coast, along an extensive, tide-dominated complex of deltaic systems, in the eastern sector of the Amazonian coast. This area, called the Amazon Macrotidal Mangrove Coast (AMMC), covers over 7,000 km 2 , and form the largest contiguous mangrove system in the world (Nascimento et al., 2013; Souza-Filho, 2005) . In this region, the coastline is very jagged with numerous long peninsulas, up to 10 km wide and extending about 30 km out to sea (Nascimento et al., 2013) . A combination of coastal current patterns and sediment discharge from numerous rivers (including the Amazon) produce a highly dynamic mangrove ecosystem.
This study focuses only on the portion of the AMMC within the Maranhão state, region known as environmental protection area of the Maranhão reentrances -EPA of the Maranhão reentrances ( Fig. 1) . Here, mangroves reach their maximum seaward development, with widths varying between 26-40 km. This section contains about 72% (5,414 km 2 ) of the mangroves in the AMMC (Souza-Filho, 2005) . This region was transformed into an Environmental Protection Area in 1991 by the Brazilian government due to the occurrence of its expressive area of mangroves. Due to its significant environmental importance in 1993, the EPA of the Maranhão reentrances was also classified as a Ramsar site (wetland of international interest). The meteorological and oceanographic characteristics of the AMMC are quite distinct in comparison with other coastal regions of Brazil. The climate is governed by seasonal changes in the position of the Inter-Tropical Convergence Zone (ITCZ), which is positioned around 14°N during the dry season (September-November) and around 2°S during the wet season (February-April), when 73% of the annual precipitation occurs55. Average air temperatures are usually above 25°C, with little variation between seasons, and annual precipitation ranges from 2300-2800 mm (Moraes et al., 2005) .
The continental platform extends some 330 km into the Atlantic Ocean, and receives the discharge of the Amazon River (16% of the World's freshwater discharge to the oceans) and dozens of other estuaries, which together supply over 1 billion tons of sediments, nutrients and organic material annually to the coastal zone (Martinelli et al., 1989) . The outer shelf is dominated by carbonate sedimentation, both in the form of sand and reefs that have been dated at 17,000 years BP (Milliman and Barreto, 1075) . The inner shelf initiates approximately at the 20 m isobath (15 km away from the coast along the northeast of Pará State), where transgressive siliciclastic marine sands start to occur. The majority of the sand is composed of well-sorted clear quartz (Zembruscki 1971) and suggests a marine origin (Souza-Filho 2005) . Average of observations (m/year 1 ) 0.00318
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DYNAMICS OF MACROTIDAL IN AMMC
Tides in the region are semidiurnal, with mean spring tide ranging around 3.3 m on the inner shelf, although significant amplification occurs inside estuaries and bays. The tidal range in Marajó Bay (Pará State/Brazil) is around 4.0 m, while in São José Bay (Maranhão State/Brazil) it can reach 7.5 m (DHN, 2017) . The tide wave is asymmetrical (shorter rising tides), but displays a sharp decrease of rising rates about 2 hours before high spring tides, when extensive intertidal areas become inundated (Souza-Filho, 2005) . This pattern of tidal asymmetry can drive stronger ebb flows, as indicated in similar macrotidal estuaries (Lessa, 2000) .
In the case study area, the environmental protection area of the Maranhão reentrances (see Fig. 1 ); there are 4 tidal events in 24 h (two low tide events and two high tide events). In this area, low tide events vary from 0 to 4 m and the events of high tides are usually above 5 m. To exemplify, the Fig. 2 demonstrates the pattern of occurrence of low tide events and high tides for the year 2017 for São Luís, Maranhão (BRA), the data used come from the Hydrographic Center of the Brazilian Navy (to access the data: https://www.marinha.mil.br/chm/dados-do-segnav/dados-de-mare-mapa). 
MODELING EXPERIMENT (BR-MANGROVE)
The model used in this paper (BR-MANGROVE) was prepared according to the theoretical precepts described by Brazilian research aimed at simulating the SLR impacts in mangrove (Bezerra et al., 2014) , which developed a computer model to simulate mangrove ecosystem response to SLR. The model simulated the SLR for the study area in 90 (ninety) elevation steps, from 0.00318 m to 0.2862 m, with an annual rate of elevation of 0.00318 m from 2010 to 2100. Elevation rate adopted for the present study was 3.18 mm / year (00318m/year), this value corresponds to the average values of sea elevation observed in some Brazilian cities according to the PBMC (see Table 1 ).
The process of sea-level rise: we simulate a scenario of sea-level rise up to 0.2868 m, distributed as an arithmetic progression of reason 0.00318 m ("i") over 90 intermediate elevation steps, as demonstrated in the equation (1):
(1) -Sea-Level Rise = wc + (elevation step x i) Where:
"Sea-level rise" is the value of sea-level rise in each water cell at current "elevation step"; "Elevation step" corresponds to the time step required for the sea-level rise. We consider that each elevation step is equivalent to one year; "wc" is the value of water column (in meters) at current elevation step in each water cell; "i" is a constant related to the sea-level rise increment whose the value is 0.2868m/elevation step (year).
The water flux (Flux) corresponds to the displacement of water that occurs from a cell to another, this process originates from a water cell towards neighboring cells of any land cover class (mangrove cell, anthropic cell, terrestrial vegetation cell and beach cell) that have the altitude value lower than the sea-level rise, as expressed at equation (2):
(2) Flux = Sea-level rise / neighboring cells, Where:
"Flux" corresponds to the value of "Sea-level rise" divided by the number of neighboring cells of each water cell.
The elevation of the sea can modify the sedimentation patterns of the material transported by the water column in estuarine environments (Cohen and Lara, 2003) . For the simulation of vertical accretion of mud banks that can be colonized by the mangrove, we used equation (3) estimated by Alongi (2008) . Modeling procedures were carried out in order to simulate the following events: (i) sea level advancement over the continent; (ii) displacement of the tidal influence area (TIA); (iii) sediment longitudinal accretion (formation of new mud banks) in areas adjacent to the mangrove forests; (iv) changes in the extent of the mangrove areas and/or the mangrove resists to SLR; (v) the impact of barriers to landward migration and the development of new mangrove areas. Below is a description of the elements in the BR-MANGROVE model:
-Original mangrove area -correspond to the existing mangrove extent in 2010 at the study area. -Mangrove Decrease -correspond to the area of mangrove forest that is suppressed at each elevation step. -Mangrove increase -correspond to the young mangrove areas that manage to migrate at each event of displacement of the TIA; -Remaining mangrove area correspond to the original mangrove areas that are not affected by increased water column or the mangrove areas that are not affected by the SLR due to the high rates of sedimentation (horizontal and vertical).
The computational model was implemented using TerraME, a toolbox for spatially explicit modeling integrated with geospatial databases. TerraME supports cellular automata, agent-based models, and network models running in 2D cell spaces. TerraME provides an interface to the TerraLib geographical database, allowing models direct access to geospatial data. Its modelling language has built-in functions that makes it easier to develop multi-scale and multi-paradigm models for environmental applications (more information at http://www.terrame.org/doku.php). Our implementation is based on the cellular automata computational model, a logical system that has the concept of cell as the basic unit: each cell has a neighborhood of cells and a discrete state that may vary during the simulation, according to its transition rules (Wolfram 1983) .
DATABASE AND CELLULAR SPACE
The geographic database and cellular space (Fig. 3) were created in a geographic information system developed by the National Institute for Space Research (INPE), the TerraView 4.2.0 (available at http://www.dpi.inpe.br/terraview/), with projection/datum: LatLong/WGS84. Adopting the spatial resolution of 1 km 2 (1 km x 1 km), the study site was represented by a cellular space containing 20,603 cells (Fig. 3A) . As a cellular automata system, each cell has, at a certain time, a unique state and a set of attributes that defines this state. During the simulation procedures, the states and attributes of every cell can change according to the transition rules. The initial state of the cell corresponds to the land cover classes (mangrove forest, water, terrestrial vegetation, developed areas 2 , and others) at the initial time for year 2010 (Fig. 3B) , and the attributes correspond to the soils and altimetry classes ( Figs. 3C and 3D, respectively) . The data used for the states and attributes comes from the official mapping conducted by the Brazilian Agricultural Research Corporation (EMBRAPA), and is available at the website of Initially, the cellular space was empty, with no geographic information in the database. To fill the cells with attribute values, we used the 'Fill cells' plugin in the TerraView software. The 'Fill Cells' plugin allows the calculation of attribute values of tables associated with cell type layers. The objective is to standardize information from various sources, in different formats (vector and raster data, in addition to other cell layers), by aggregating them in the same spatial-temporal base. It allows attributes from both dynamic and static tables to be calculated. Depending on the geometric representation and the semantics of the input data attributes, different operators can be applied. For this research, the 'majority class' operator was used. The cellular space was superimposed on the files with geographic information, and each cell assumed the geographic information that occupied most of the cell area. This procedure was used to determine the cells initial states and their soil and altimetry attributes. For the altimetry attribute, the final cell value was the calculated average of all altimetry values within each cell.
BR-MANGROVE RULES TRANSITION (MODEL CALIBRATION)
The following are the specific rules used for calibration of the model:
1. Mangrove only exists in the area under tidal influence (ATI) (Faraco, Angreto-Filho and Lana, 2010; Field, 1995; Spalding, Kainuma and Collins 2010);  2. The ATI is determined by the tidal range in the study area, that is, between low tide and high tide events;
3. Initially, the ATI value ranges from 2 to 5 m above the mean sea level, as indicated by Ferreira (1988) and validated by tide data from the oceanographic database of the Brazilian Navy (see Fig. 2 ). As sea-level rises, the value of ATI is updated by adding the sea level increments calculated by the model; 4. At every elevation step of sea-level rise, mangrove cells may migrate to adjacent cells since natural or artificial barriers for mangrove migration are not present on the ATI. In this case, cells of land cover class assigned as terrestrial vegetation are converted to mangrove cell (mangrove migration); 5. Cells of land cover class assigned as developed cells correspond to artificial barriers for mangrove migration. Conversely, natural barriers correspond to cells in which the altimetry attribute value is higher than the ATI, or the soil attribute is different than 'indiscriminate mangrove soil'; 6. The mangrove inundation occurs when the height of the water column is greater than or equal to the altimetry of adjacent mangrove cells. In this case, mangrove cells change to water cells (mangrove inundation); 7. Cells classified as 'developed area' or 'terrestrial vegetation' can be inundated by the rising sea level. In this case, the inundation occurs when the height of the water column is greater than or equal to the altimetry of adjacent cells.
RESULT
This modelling exercise provides a vulnerability assessment of a portion of the eastern Amazonian mangrove forests to SLR, and their potential to migrate towards landward areas. Although we recognize the importance of other factors, such as changes to the local sedimentology and sediment supply (Gilman, Ellison and Coleman, 2007) , changes in salinity resulting from hydrological adjustments to new water levels (Howard et al., 2015) , and the species composition of the local mangrove forests (McKee, 2010) , this vulnerability assessment is based solely on (1) sea-level rise relative to a static mangrove surface elevation, and (2) the existence of landward barriers, both natural and artificial.
In this study, the initial conditions for the model (corresponding to the year 2010) are: original mangrove, terrestrial vegetation, water, developed areas and bare soil. For this initial condition, the calculated mangrove area was 4,180 km 2 , which corresponds to 20.3% of the study area ( Fig. 4 A) . At the end of the simulation (year 2100), the original mangrove area was reduced to 2,916 km 2 , a loss of 30.24%, compared to the initial mangrove extent of 4,180 km 2 . However, this loss of original mangrove area was compensated by extensive landward migration, which resulted in the addition of 1,585.4 km 2 of new mangrove cover, following the modeled SLR. The study area presents favorable conditions for mangrove landward migration, since there are no significant anthropogenic barriers and no significant sediment inputs. In addition, the occurrence of macro-tides (with daily variations around 5m) produces migration corridors along the many existing stream channels, allowing mangroves to move upstream as sea level rises. Therefore, although the results of this modeling exercise indicate that there is a loss of the original mangrove area from the projected SLR, local conditions favors the expansion of new mangrove areas towards the continent (Fig. 4 B) .
The total mangrove area at the end of the modeling exercise in 2100 presented a value of 4,481 km 2 (original mangrove areas minus mangrove area lost to inundation plus new mangrove area from landward migration), which, when compared to the original mangrove area, indicates an increment of 301 km 2 from the beginning to the end of the simulation. This corresponds to an increase in the total mangrove area of 7.2%, indicating that events of SLR can derive a positive impact on eastern Amazonian mangroves.
The results of present study suggest that the Amazonian mangroves are very resilient, and their adaptive capacity to SLR appears to be large, as observed in similar tidal-dominated systems elsewhere (Alongi 2009; Twilley and Day 2012; Kirwan and Megonigal 2013) . These mangroves are able to migrate vertically and horizontally, keeping pace with SLR by directly or indirectly influencing soil accretion processes through the production and accumulation of organic matter, as well as the trapping and retention of mineral sediment. Organic matter accumulation and its contribution to soil formation is widely recognized, and the processes controlling it has been well studied in many habitats. A study showed that the relative contribution of organic solids to surface accretion in Caribbean mangroves was one to three times that of inorganic solids across study sites (McKee 2010) . This study also pointed to biological, rather than mineral controls on vertical accretion. Physical processes also contribute to mangrove vertical accretion, including inorganic sedimentation, groundwater influx (causing soil swelling) and deep land movements -such as geological uplift or glacial isostatic rebound (Krauss, McKee and Lovelock, 2014) . Landward migration has also been observed in other modeling studies. Alternative future sea-level rise and urbanization scenarios were used to map landward migration of tidal saline wetlands along the Gulf of Mexico, and to identify locations where barriers may prevent such migration, and how existing protected lands might accommodate expected landward migration (Enwright, Griffith, Osland 2016) . In Brazil, in the year 2014 was published the first Brazilian research aimed at simulating the SLR impacts in mangrove areas for the 21st century (Bezerra et al., 2014) . The study focused on the Island of Maranhão, and the authors concluded that human occupation intensifies the negative impacts of the SLR, since they act as a barrier preventing the landward migration of the mangrove. In the AMMC was used radar data to map the dynamics of expansion and retraction in Amazonian mangrove forests (Nascimento et al., 2013) . This research showed that, between 1996 and 2008, the mangrove experienced a loss of 14% (1212.50 km 2 ) of original area, and an expansion of 22% (1931.04 km 2 ) due to landward migration (Fig. 5) , resulting in a net increase of the mangrove area of about 718.54 km 2 , a 10.7% increase. The authors suggest that a high sedimentation rate was the main factor responsible for the observed increase. The PBMC, in their 2013 report, indicate that, in addition to SLR, climate change can affect coastal dynamics and sedimentation rates, which may promote expansion of mangrove areas (PBMC, 2013) . Other Brazilian researchers using robust methodological procedures for identifying changes in mangrove area coverage have observed similar patterns. For example, a study used a combination of GIS and remote sensing techniques to analyze a 25-year time series of radar and satellite images, aiming to identify changes in mangrove coverage along a section of the central Amazon coastline (Cohen and Lara, 2003) . In this study was concluded that mangrove stands were migrating landward, possibly as a response to relative sea level rise, and that this migration was limited by local topography. A literature review on the mangrove ecosystem response to climate change in the last 25 years and concluded that the mangroves of southeastern Brazil present patterns of expansion to the continent consistent with the sea-level rise impacts described in the scientific literature (Godoy and Lacerda 2015; PBMC, 2017) . For example, studies indicate that some areas of mangroves in northeast Brazil showed an increase of 400% between 1993 and 2008.
Although SLR have been mentioned in these studies as a possible factor in the observed changes in mangrove area coverage, these authors point out to the peculiar coastal dynamics (erosion, progression, etc.) and to the influence of local land use and occupation as the main causes for the observed expansion/retraction patterns. The uncertainty on the impacts of SLR in Brazilian mangroves results from the inexistence of an orthometric reference for the coastal zone, and the lack of historical sea level data that allows the establishment of specific rates of elevation for the Brazilian coast (Godoy and Lacerda, 2015) .
FINAL CONSIDERATIONS
The results presented here suggest that mangrove forests in the AMMC may present a pattern of migration to the continent and show a net gain of area (7.2% increase in mangrove area) for potential SLR events. These mangroves can use existing tidal channels to migrate landward into the continent, as sea level rises, and thus colonize areas of terrestrial vegetation or other areas that allow the colonization of the mangrove. Another factor that corroborates the pattern of mangroves migration observed in the simulation is the small influence of human occupations in the AMMC, as well as, the presence of macrotides that can amplify the effects of SLR. Based on these findings, Brazilian public policies for preservation of areas adjacent to Amazonian mangroves should be intensified, focusing on the identification of migration corridors for the mangroves and the development of adaptation strategies in face of impending sea-level rise. In this context, new studies should be developed that identify areas with potential to be colonized by mangroves in different scenarios of SLR in the AMMC.
The Amazonian mangroves comprise the largest continuous area of mangroves in the world, and provide numerous environmental services to the coastal zone (nursery for marine life, a precious stock of blue carbon, and coastline protection to extreme climatic events). Therefore, it is vital to promote a better understanding of their response patterns to SLR events and other impacts of climate change, and to promote landscape-scale conservation plans that will enable these unique ecosystems to migrate both vertically and horizontally in response to future SLR.
